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(54) Flexible prostheses of predetermined shapes 



(57) Flexible prostheses of predetermined shapes (such as spinal column discs and implants for tip of nose, 
chin or outer ears) are derived from bone. The process includes shaping of a bone segment by machining 
or by comminuting followed by moulding or casting demineralization to impart the desired degree of 
flexibility, and tanning to render the material non-antigenic, biocompatible, and stabilized. 
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SPECIFICATION 

Flexible prostheses of predetermined 
shapes and process for making same 

Background of the Invention 
Many prostheses and implants are known 
which are used to replace body parts missing 
due to injury, disease, or birth defects or to 

10 augment existing body parts. The prostheses 
have been derived from both artificial and 
natural materials. The materials used for con- 
structing such prostheses must be chosen 
carefully and/or processed to avoid the prob- 

15 lems of antigenicity and bioincompatibility, 
while still duplicating as closely as possible 
the natural shape and texture of the body part 
to be replaced or augmented. 
Production of prostheses that are flexible 

20 yet duplicate the shape of contoured body 
parts such as the outer ear has been at- 
tempted with limited success. For example, 
silicone ear implants have been produced, but 
were found to lack durability and to be prone 

25 to tearing. Outer ear prostheses have also 
been derived from flexible portions of auto- 
genic rib material (taken from the individual for 
whom the ear prosthesis is being made). 
Prostheses derived from this costal (rib) ma- 

30 terial are generally too soft to retain intricate 
detailed shapes and contours. As a result, the 
implanted prostheses do not resemble natural 
human outer ears. The necessity of performing 
additional surgery (with the accompanying risk 

35 of infection, discomfort to the patient, and ex- 
tra expense) to obtain the rib material is 
another disadvantage of this procedure. 

A need remains for a method of producing 
prostheses (such as outer ear prostheses) that 

40 are flexible yet have predetermined detailed 
and contoured shapes. These prostheses 
should be comprised of material which is bio- 
compatible, non-antigenic, durable enough to 
resist tearing or rupturing, and capable of be- 

45 ing formed into (and retaining) an intricate 
shape. Additional surgery to obtain starting 
material (for derivation of the prostheses) from 
the individual to receive the prosthesis should 
be avoided. 

50 

Summary of the Invention 

In accordance with this invention, flexible or 
semiflexible prostheses of predetermined 
shapes can be derived from bone, which can 

55 be machined into any desired size and shape. 
Selective demineralization of the bone imparts 
the desired degree of flexibility to the prosthe- 
sis without causing loss of the predetermined 
shape. The bone is treated with a tanning 

60 agent to yield a biocompatible, non-antigenic, 
and stabilized material. The method of this in- 
vention is especially useful for production of 
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Detailed Description of the Invention 

The present invention is directed to a 
method of producing a prosthesis or template 

70 useful for replacement or reconstruction of 
flexible cartilagenous body parts, as well as 
the prostheses or templates so produced. The 
method may be used to produce spinal col- 
umn discs or implants for reconstruction of 

75 the tip of the nose or for chin augmentation, 
for example. The method is especially useful 
for production of flexible implants which desir- 
ably have a precise, intricate shape such as 
outer ear prostheses. 

80 The prostheses are derived from bone, 
which can be machined into the exact desired 
prosthesis shape. Selective demineralization of 
the bone imparts the desired flexibility, and 
tanning of the bone yields a biocompatible, 

85 non-antigenic, and stabilized material. The 
multi-step process for producing the pros- 
theses of the invention is described below. 
The term "prosthesis" as used herein includes 
devices useful not only for replacement of en- 

90 tire body parts but also for replacement of 
portions thereof or for augmentation of exist- 
ing parts. 

The order of the steps may vary, but the 
process begins with selection of a bone 
95 source from which the desired prosthesis can 
be derived. Since later treatment with glutaral- 
dehyde renders the bone non-antigenic by 
cross-linking the proteins, the bone may be 
taken from a wide variety of xenogenic or 
100 allogenic sources, including bovine, ovine, 
. equine, or porcine bone. The bone is advanta- 
geously large enough that a prosthesis of the 
desired dimensions can be machined from it in 
one piece. 

105 The bone stock is obtained fresh, and the 
desired section of bone is grossly removed by 
suitable means such as cutting with a saw, 
with frequent rinsing of the bone in a fluid 
such as distilled water or saline to keep it 

110 moist and cool (at or below physiological tem- 
peratures to prevent denaturation of bone ma- 
terial) during cutting. Preferably, the bone 
piece is taken from the condylar section of a 
long bone. Associated connective tissue (ten- 

115 dons, ligaments, and fascia) is removed. In the 
case of an ear prosthesis, the desired bone 
piece is a thin bone plate (approximately 1 /4 
to 3/16 inch thick) which may be cut directly 
from the bone stock or cut from the larger, 

120 grossly removed bone piece initially removed 
from the stock. Optionally, the bone piece 
may be frozen at this point if further process- 
ing is to be delayed. 
Any conventional means of machining hard 

125 materials, including the use of drills, saws, 
grinders, carving tools, and the like may be 
used to obtain the desired final prostheses 
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and this section may be cut from the plate 
using a saw. Guide markings may be made on 
the bone piece to indicate any depressions, 
ridges, openings, or other details desired in 

5 the final prosthesis. 

Optionally, templates having desired shapes 
and contours (such as those of a human outer 
ear) may be made from any suitable material 
(such as metal) in a range of sizes. A cutting 

10 tool, drill, or other machining instrument may 
be inserted into a pantograph and positioned 
over a bone piece. A pen or similar pointed 
instrument is also inserted into the pantograph 
and is moved over the surface of the tem- 

15 plate, outlining the edges and contours of the 
template. Movement of the pen over the tem- 
plate causes cutting of the bone piece into the 
contours being traced on the template. Re- 
peated tracing over an area produces deeper 

20 cuts, yielding the desired contours in the bone 
piece. 

In the case of an ear prosthesis a hole must 
be made at the point at which the prosthesis 
will be over the ear canal once attached in 

25 place. The cavities and contours of a natural 
ear can be precisely duplicated by the machin- 
ing process. The two cavities comprising the 
thinnest parts of a human ear may be dupli- 
cated by precise machining to leave a very 

30 thin bone layer at the bottom of each cavity. 
Advantageously, however, holes are machined 
into the ear prosthesis at these two points. 
This prevents fracturing of the thin bone layer 
that would have been at the bottom of each 

35 cavity. In addition, when the prosthesis is in 
place and sandwiched between two flaps of 
skin, the skin will bridge the holes at the cav- 
ity site, thus simulating a natural ear. 
Machining of the bone piece produces the 

40 final prosthesis shape according to exact pre- 
determined specifications regarding size, shape 
and detail. This shaping may be done prior to, 
rather than during, the implantation surgery. 
The shaped bone piece is selectively demin- 

45 eralized to impart to it the desired degree of 
flexibility. Any suitable demineralizing solution 
may be used, including but not limited to or- 
ganic or mineral acids such as HCI and/or a 
suitable Ca* ■ chelator such as EDTA. Prefera- 

50 bly, the demineralizing solution comprises 0.1 
to 1N HCI, and most preferably comprises 
0.6N HCI. Advantageously, the demineralizing 
solution also comprises up to 1% EDTA, most 
preferably 0.1% EDTA. The bone piece is 
55 submerged in the solution and the extent of 
demineralization is monitored by any suitable 
means, including X-ray analysis. Advantage- 
ously, the demineralization process is moni- 
tored simply by checking the feel of the pros- 
60 thesis at regular intervals. When the desired 
degree of flexibility (usually complete deminer- 
alization) is achieved, the prosthesis is rinsed 
in a non-demineratizing solution such as 



organic solvent, such as with ethanol to defat 
the material and remove machine oil and de- 
bris. The surface cleaning is preferably done 
by submerging the bone piece in at least one, 

70 most preferably several, rinses of room tem- 
perature 100% ethanol. The bone piece can 
then be rinsed well in a saline solution. 

Advantageously, the prosthesis is treated to 
increase the porosity of the matrix. This treat- 

75 ment may be accomplished by extracting the 
bone piece with an organic solvent (e.g., chlo- 
roform, ethanol, chloroform: methanol (1:1), 
acetone or similar solvents) to remove non- 
matrix-bound proteins, followed by rinsing in 

80 physiological saline to remove the organic sol- 
vent. Oils that may have exuded from the 
bone material are also removed. This porosity- 
increasing step may also include treatment of 
the bone piece with a protease such as Pro- 

85 nase w , collagenase, or hyaluronidase (all com- 
mercially available). The degree of porosity 
can be determined visually and confirmed by 
light or electron microscopy. Optionally, this 
step may be done before the demineralization 

90 step. 

The prosthesis is tanned to a degree suffici- 
ent to cross-link available proteins so that the 
bone material comprising the prosthesis is sta- 
bilized, strengthened and rendered biocompati- 

95 ble and non-antigenic. This tanning step may 
be done at any point during preparation of the 
prosthesis of the invention. Tanning is accom- 
plished by treating the prosthesis with a tann- 
ing reagent under tanning conditions until it is 

100 strengthened and rendered stable, biocompati- 
ble, and non-antigenic. Several tanning proce- 
dures are known, and glutaraldehyde is the 
preferred tanning agent in the method of this 
invention. The prosthesis is contacted with a 

105 buffered solution comprising glutaraldehyde in 
a concentration sufficient to cross-link avail- 
able proteins, and the tanning should be done 
at a physiological pH. Preferably, the prosthe- 
sis is submerged in a solution comprising 

1 10 about 0.2% to 0,8% (most preferably about 
0.6% (w/v)) glutaraldehyde in a suitable buffer 
such as HEPES at a pH of 6.8 to 7.5. 

The tanning process is continued until 
proteins are cross-linked to the desired degree 

115 (see above). The process may be monitored 
by any suitable method, including a colorime- 
tric assay using, for example, a ninhydrin reac- 
tion (a colorimetric assay for amino groups in 
which the color intensity decreases as the de- 

120 gree of cross-linking increases.) Advantage- 
ously, the prosthesis is treated with glutaral- 
dehyde for one month or more. 

Further sterilization of the prosthesis may be 
accomplished by any suitable means, including 

125 but not limited to treatment with ethanol, radi- 
ation, or a bacteriocidal solution. Most prefer- 
ably, a buffered surfactant/formaldehyde/etha- 
nol sterilant is used, as described in copend- 
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The prostheses can be stored in a suitable 
sterile solution, preferably 0.05% glutaral- 
dehyde in HEPES buffer, in sterile containers, 
until needed. The prostheses must be rinsed 
5 (e.g., with normal saline) to reduce glutaral- 
dehyde levels (measured by HPLC) to a non- 
toxic level before implantation. Standard surgi- 
cal techniques are used to implant the pros- 
theses at the desired location and to cover 

10 them with host skin. The implants may be 
sutured or wired in place, or held in place by 
host skin. They may be implanted to augment 
existing tissues or to replace body parts (or 
portions thereof) which are either missing or 

15 which are damaged to some degree by dis- 
ease or injury. In the latter case, the damaged 
tissue may be removed surgically before the 
prosthesis is implanted. 
Alternative methods of processing the glu- 

20 taraldehyde-tanned bone material are within 
the scope of this invention. For example, bone 
processed according to the method of the in- 
vention can be pulverized or powdered rather 
than being machined into a desired final 

25 shape. Known methods of milling, grinding, 
and pulverizing can be used to produce pulver- 
ized bone with the desired particle size. The 
pulverized bone can then be combined with 
any suitable biologically compatible or inert 

30 carrier substance. The carrier may be gelatin- 
ous substance (biological or non-biological in 
nature) or a semi-solidified, moldable carrier. 
The carrier should have a consistency that im- 
parts the desired flexible texture to the pulver- 

35 ized bone/carrier suspension, or should soli- 
dify to the desired consistency after molding 
or casting. Suitable carriers may include but 
are not limited to gelatins and polysacchar- 
ides. 

40 The method of the present invention imparts 
many desirable properties to the prostheses 
produced according to it. For example, glutar- 
aldehyde tanning of the bone yields a non- 
antigenic, biocompatible, and stabilized ma- 

45 terial, as stated previously. The non-antigeni- 
city allows a prosthesis to be implanted in a 
host other than the one from which the stock 
bone was taken to produce the prosthesis. 
Glutaraldehyde-tanned bone has been found 

50 to have excellent biocompatibility. When glu- 
taraldehyde-treated non-demineralized bone is 
implanted in host bone in mammals, there is 
generally no fibrous encapsulation, interposi- 
tion of fibrous tissue between host bone and 

55 implanted bone, or other evidence of host re- 
jection. Instead, the host bone grows into the 
adjacent implanted bone. This process of host 
bone ingrowth is termed osteoconduction or 
osteoinvasion. 

60 Glutaraidehyde tanned and demineralized 
bone has also been implanted in host bone in 
mammals, and the material remained soft and 
aaain demonstrated nnnH hinromnatiKiiitw q«« 



when implants made of less biocompatible 
materials are introduced into mammals. 

One problem associated with prosthesis use 
is degeneration of the prosthesis, which ne- 

70 cessitates frequent replacement. The degener- 
ating material may also migrate and cause 
problems such as inflammation reactions in 
the host. The long-term stability imparted to 
the prostheses of the present invention by 

75 glutaraidehyde tanning will solve such prob- 
lems. 

In addition, resorption of implanted bone- 
derived material is known to occur. The re- 
sorbed material may or may not be replaced 

80 by the host. In some cases, it may be desir- 
able to implant a prostheses that is resorbed 
as host tissue replaces it. In such a case, the 
glutaraidehyde tanning step could be replaced 
by tanning with different agents (e.g. formal- 

85 dehyde or alcohols) that would render the 
bone material resorbable. In most cases, how- 
ever, it is desirable that the implanted pros- 
theses or template retain its shape and not be 
resorbed. The cross-linking that occurs during 

90 glutaraidehyde treatment produces a stabilized 
collagen matrix in prostheses produced ac- 
cording to the method of the invention, and 
the prostheses is generally not resorbed. 
The prostheses are derived from a material 

95 that is not only biocompatible but hard 

enough to be shaped, by standard machining 
techniques, to virtually any desired specifica- 
tions. The machined bone retains its shape, 
even for so detailed a pattern as an ear pros- 
100 thesis, throughout the remainder of the pro- 
cessing. Thus, the demineralized bone retains 
the desired shape even after it has been ren- 
dered flexible and "spongy" in texture. 
The method of producing a prosthesis of 
105 the present invention is illustrated by the fol- 
lowing example. One skilled in the art will re- 
cognize the variations in order of steps, pros- 
thesis shape, and other aspects of the method 
of the invention and the prostheses so pro- 
110 duced, which are within the scope of the in- 
vention. Thus, the example is meant to illus- 
trate, but not limit, the invention. 

Example I 

1 15 Production of Ear Prosthesis 

Bone plates were cut from fresh deskinned 
and dehooved bovine hind legs provided by 
an abattoir. The bone plate was cut anterior 
to the ankle-tibia joint, in the region of the 

120 epiphyseal plate extending anteriorly approxi- 
mately 1-1/2 to 2 inches. A thin section of 
anterior region bone, approximately 3/16 to 
1/4 inch thick was cut off using a band saw. 
The section was devoid of all fat and marrow 

125 areas. During the sawing and machining steps, 
the bone piece was frequently bathed in dis- 
tilled water or saline. A rough outline of the 



Additional guide markings for cavities were 
made to simulate the shape of natural ear car- 
tilage. A 1 1 A inch hole was drilled in the bone 
piece for the opening of the ear canal, and 

5 this hole was tapered using a taper bit. A 
1/4-inch drill bit was used to crudely shape 
cavities, following the guide markings above. 
The cavities were then opened and smoothed 
and the final desired contours achieved using 

10 a small high-speed hand held drill and a po- 
inted (tapered) grinder. 

The finished implant was next demineralized 
by submersion in 0.6N HCI until completely 
demineralized, which generally takes about 24 

15 hours. The process was stopped when the 
implant had the desired degree of flexibility, as 
determined by feel. At this point, the implant 
was very flexible and similar in texture to 
natural ear cartilage. It was also fragile and 

20 needed to be handled carefully. The implant 
was removed from the demineralizing solution 
and rinsed in buffered normal saline. 

The shaped bone piece was then surface 
cleaned with 100% ethanol to remove ma- 

25 chine oils and debris. The bone was sub- 
merged in several changes of 100% ethanol 
for 1-2 hours. The ethanol was kept at ap- 
proximately 25°C. The alcohol was poured off 
and the bone piece was rinsed in 0.9% nor- 

30 mal saline. Initially, a quick rinse was used to 
clean the exterior of the bone piece and con- 
tainer, followed by two 30-minute rinses in 
the saline. 

Tanning was accomplished by submerging 
35 the prosthesis in 0.625% (w/v) glutaraldehyde 
in HEPES buffer (pH 6.8 to 7.5) for a mini- 
mum of one month. The tanning improved the 
physical (structural) strength of the prosthesis. 
The prosthesis is then sterilized by submer- 
40 sion in a HEPES-buffered solution comprising 
4% formaldehyde, 22.5% ethanol, and 1.2% 
Tween (pH 7.4) for a minimum of eight hours 
and a maximum of 24 hours at 37°C. The 
prosthesis is then rinsed (four 10-minute 
45 rinses and one 6-hour rinse) and stored (in a 
sterile container) in 0.05% HEPES-buffered glu- 
taraldehyde until needed for surgical implanta- 
tion. 

Before surgical implantation, the prosthesis 
50 will be rinsed with normal saline until residual 
glutaraldehyde levels (measurable by HPLC) 
have decreased to a non-toxic level. 

The prosthesis produced by these proce- 
dures had a detailed shape and contours that 
55 closely approximated a human ear. Once surgi- 
cally implanted and covered with skin, the 
outer ear area will appear much like a natural 
human ear. 

60 CLAIMS 

1. A method of producing a flexible, bio- 
compatible, and non-antigenic prosthesis of a 
□redetermined shape, the method comprising: 
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b) selectively demineralizing said bone seg- 
ment to achieve the desired degree of flexibil- 
ity, 

c) tanning said bone segment. 

70 2. The method of claim 1 wherein the bone 
segment is tanned with glutaraldehyde. 

3. The method of claim 1 additionally com- 
prising extracting the bone segment with an 
organic solvent to increase the matrix poro- 

75 sity. 

4. The method of claims 1 or 3 additionally 
comprising treating the bone segment with a 
protease to increase the matrix porosity. 

5. The method of claims 1, 2, or 3 ad- 
80 ditionally comprising sterilizing the prosthesis. 

6. The method of claim 2 wherein the bone 
segment is treated with glutaraldehyde under 
tanning conditions effective in cross-linking 
available proteins to a degree sufficient to sta- 

85 bilize and strengthen the bone and to render it 
biocompatible and non-antigenic. 

7. The method of claim 6 wherein tanning 
is accomplished by submerging the bone seg- 
ment in a buffered solution comprising 0.2% 

90 to 0.8% (w/v) glutaraldehyde. 

8. The method of claim 7 wherein the bone 
segment is submerged in a buffered solution 
comprising about 0.6% (w/v) glutaraldehyde. 

9. The method of claims 6, 7 and 8 
95 wherein the bone is tanned with glutaral- 
dehyde for a minimum of about one month. 

10. The method of claim 1 wherein the 
bone segment is derived from the condylar 
region of an allogenic or xenogenic long bone. 

100 11, The method of claim 1 wherein demin- 
eralizing the bone segment is accomplished by 
submersion in a solution comprising an acid. 

12. The method of claim 11 wherein the 
acid is HCI. 

105 13. The method of claim 1 1 wherein said 
solution additionally comprises up to 1% 
EDTA. 

14. The method of claim 1 additionally com- 
prising submerging the bone segment in etha- 

110 nol to defat it and to remove machine oils and 
debris. 

15. A method of producing a flexible, bio- 
compatible, and non-antigenic prosthesis of a 
predetermined shape, the method comprising: 

115 a) pulverizing a bone segment, 

b) demineralizing the resulting pulverized 
bone, 

c) tanning the bone with glutaraldehyde 

d) combining said pulverized bone with a 
120 carrier, 

e) molding or casting the combined material 
into the desired shape. 

16. A prosthesis produced by the method 
of claim 1 . 

125 17. The prosthesis of claim 16 which is an 
ear prosthesis. 

18. The prosthesis of claim 16 which is a 
chin augmentation implant. 
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20. The prosthesis of claim 16 which is a 
disc in the spinal column. 

21. A prosthesis produced by the method 
of claim 15. 

5 22. The prosthesis of claim 21 which is an 
ear prosthesis. 

23. The prosthesis of claim 21 which is a 
chin augmentation implant. 

24. The prosthesis of claim 21 which is 
10 implanted in the region of the nose. 

25. The prosthesis of claim 21 which is a 
disc in the spinal column. 
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